The effect of cortisone and endotoxin, singly and in combination, on ribonucleic acid (RNA) synthesis in livers of adrenalectomized mice was determined. This was accomplished by measuring the incorporation either of inorganic 32P or of l:Corotic acid into the RNA. Under similar conditions, the effect of these agents on the rate of protein synthesis was examined with the use of "4C-leucine. Bacterial endotoxin was found to augment the uptake of isotope in the RNA and in the protein of the liver. These reactions did not appear to be mediated via the pancreatic hormone insulin, which was found to depress the incorporation of the radioactive compounds into RNA. Cortisone increased the uptake of isotope in liver RNA but depressed the incorporation of leucine into hepatic protein. These results indicate that the previously observed ability of endotoxin to prevent the hormone induction of hepatic enzymes, such as tryptophan oxygenase, is not associated with impaired synthesis of liver RNA or protein.
The mechanism by means of which bacterial endotoxin prevents the hormonal induction of certain liver enzymes in mice has not been explained. An in vitro assay for activity of an enzyme fails to distinguish between the presence of less enzyme because of impaired synthesis and a reduced activity due to the presence of an inhibitor. In rat liver, it has been shown that hydrocortisone not only results in greater de novo formation of such enzymes as tryptophan oxygenase (11) and tyrosine-a-ketoglutarate transaminase (16) but, as a possible mechanism for this effect, greater synthesis of hepatic ribonucleic acid (RNA) as well. Both effects of the hormone were judged by the incorporation of the appropriate isotopically labeled precursor in amounts greater in treated rats than in the corresponding control animals (17) . Although endotoxin prevents the cortisone-initiated increase in activity of tryptophan oxygenase and of phosphoenolpyruvate carboxykinase (5) , it has no readily detectable effect on the induction of tyrosine-a-ketoglutarate transaminase (4) . These observations indicate that endotoxin is not, under these conditions, a I This paper is taken from a dissertation submitted by the senior author to the Faculty of Bryn Mawr College in partial fulfillment of the requirements for the Ph.D. degree. 2 Recipient of a Training Grant from the National Institute of Allergy and Infectious Diseases. Present address: Department of Biology, St. Joseph's College, Philadelphia, Pa. 19131. generalized hepatotoxin, since the synthesis of at least one enzyme proceeds normally in its presence. There are, nevertheless, a number of marked antagonisms between the action of endotoxin and that of cortisone in the mammalian host. Some of the biological effects of endotoxin that are diminished by cortisone are lethality, pyrogenicity, adjuvant action, increased nonspecific resistance, development of tolerance, etc. It was not surprising, therefore, to observe an antagonistic action of endotoxin against hormonal induction of certain enzymes. Because of these relationships, it seemed valid to assess the effect of endotoxin on liver RNA and protein synthesis, particularly as it was able to influence the action of cortisone on these processes. ENDOTOXIN AND SYNTHESIS OF RNA AND PROTEIN was administered subcutaneously in the interscapular region.
Insulin. Insulin, zinc protamine, and Ileitin, 40 units per ml (Eli Lilly & Co., Indianapolis, Ind.),
were diluted with Baxter saline to give a final concentration of 0.5 units in 0.5 ml. Injection was via the intraperitoneal route. Isotopes. Carrier-free 32p as H3PO4 in 0.02 N HCI was obtained from New England Nuclear Corp., Boston, Mass. It was diluted with Baxter saline to provide appropriate dosages in 0.5 ml, which were administered intraperitoneally 1 hr prior to sacrifice in most experiments. Crystalline 14C-6-orotic acid from Nuclear-Chicago Corp. (Des Plaines, Ill.), 50,uc per vial (specific activity, 44.5 mc/mmole), was stored frozen until used. For each experiment, the isotope was dissolved in saline to give a final activity of 2 ,uc per 0.5 ml. This quantity was injected intraperitoneally 45 min prior to sacrifice. Uniformly labeled 14C-leucine in HCI, 50 uc per ml (specific activity, 180 mc/mmole), was obtained from Schwarz BioResearch, Inc., Orangeburg, N.Y., and was diluted with saline to give a final concentration of 2 ,uc per 0.5 ml. This was given intraperitoneally 45 min prior to sacrifice.
Schedule of injections. Injections of test agents and isotopes were administered to individual mice at 3-min intervals to insure an accurate exposure in each animal. Sacrifice was by cervical dislocation, and livers were removed, weighed, frozen on dry ice, and stored in a freezer until extraction of RNA or protein was performed.
Animals. Only adrenalectomized mice were used. Swiss-Webster female mice, 6 weeks of age (Dierolf Farms, Boyertown, Pa.), were adrenalectomized at Bryn Mawr College and used in experiments utilizing 32p. Six-week-old female mice, CFI-S (Carworth Farms, Inc., New City, N.Y.), were adrenalectomized by the dealer. All animals were tested for the completeness of surgery by the water-retention test of Beatty, Bocek, and Peterson (1). Adrenalectomized mice received 1% sodium chloride solution to drink.
RNA extraction. In experiments with 32p, RNA was extracted as radiopure mononucleotides by the hot salt-ethyl alcohol procedure described by Feigelson et al. (12) . This consisted of homogenization of five pooled livers in 0.14 M KCI with 0.0025 N NaOH and precipitation with cold 50% trichloroacetic acid. The precipitate was washed with cold ethyl alcohol and then extracted with boiling ethyl alcohol and boiling 10%o NaCl to remove the protein. To the supernatant fluids containing nucleic acids, cold 95% ethyl alcohol was added, which effected precipitation of the sodium nucleates after overnight storage at 5 C. The sodium nucleates were separated by centrifugation, deproteinized with 4:1 chloroform-octanol, and acidified; the nucleic acids were then reprecipitated with ethyl alcohol. This residue was hydrolyzed by exposure to 0.4 N NaOH overnight at 30 C. On the third day, deoxyribonucleic acid (DNA) was removed by precipitation with 0.33 N alcoholic HCI. The mononucleotides were neutralized, and 1 ml was placed in planchets and counted at infinite thinness in a NuclearChicago windowless gas-flow counter. Another 1-ml portion was added to 50 ml of potassium phosphate buffer; a sample of this was quantitated for RNA after spectrophotometric determination at 260 nm in a Hitachi spectrophotometer. Inorganic phosphate was isolated from each sample and estimated according to the method of Fiske and SubbaRow (14) .
When 14C-orotic acid was employed, the RNA was extracted by the Schmidt-Thannhauser technique (22) . This involved homogenization of the liver in KCI, precipitation of the RNA with 10% trichloroacetic acid, removal of lipid in boiling 3:1 alcoholether, and overnight hydrolysis of the RNA in 0.3 N KOH at 37 C. After neutralization, DNA and protein were removed from the hydrolysate by 5% trichloroacetic acid precipitation. The ribomononucleotides were estimated by reading at 260 nm in a Hitachi spectrophotometer. Radioactivity was determined by placing 1 ml of each sample in scintillation vials containing 15 ml of a dioxane cocktail and counting to a minimum of 10,000 counts in a Packard Tri-Carb liquid scintillation spectrometer, model 3310.
Determination of the 14C-leucine uptake by acidinsoluble protein was made according to the procedure of deJong and Marsh (9) . Liver homogenates, in 0.14 M KCI plus 0.0025 N NaOH, were treated with 5% trichloroacetic acid; these precipitates were heated in trichloroacetic acid for 15 min at 90 C to remove. nucleic acids. Lipids were extracted by 3:1 alcoholether, and the protein precipitate was dissolved in 1 N NaOH. After neutralization with 1 N HCI, the proteins were again precipitated with 5% trichloroacetic acid and, after centrifugation, resuspended in 0.1 N NaOH. A 1-ml amount of this suspension was added to a scintillation vial containing 15 ml of a dioxane cocktail for counting of radioactivity; another portion was used for spectrophotometry. Determination of the amount of acid-insoluble polypeptides was established by use of the Warburg-Christian formula (8) .
RESULTS
Incorporation of 32p into hepatic RNA. In preliminary experiments, RNA was extracted from mouse livers by the Schmidt-Thannhauser technique (22) (5) 962 (5) 377 (4) 962 (4) 834 (5) 866 (5) 635 (5) 852 (5) 585 (5) 599 (5) 797 (4) 981 (4) Relative activity (activity X 100)
55 (5) 39 (4) 96 (5) 75 (5) 105 (5) 81 (4) 1,189 (5)1934 (5)1128 (5) 889 (4) 847 (4) 105 (4) a Each value is the result obtained with pooled livers from four or five mice. Saline (for control mice) and cortisone were injected subcutaneously, and endotoxin was given intraperitoneally; 3 hr later and 1 hr before sacrifice, 10 Ac of the isotope was injected intraperitoneally. The Cortisone has been reported (3) to have no protective effect against endotoxin lethality, and it failed to induce tryptophan oxygenase when the injection was given 4 hr after an LD50 of endotoxin. The effect of the hormone, under these conditions, on isotope uptake in RNA was, therefore, determined. Five mice were injected with cortisone, five others received cortisone plus endotoxin, and endotoxin was administered to 10 animals. After 4 hr, half of the last group received cortisone. All mice were sacrificed 8 hr after the original injections and 1 hr after the 82p had been administered. The radioactivity of the liver RNA from these animals was calculated ( Table 2 ). The 32p uptake by hepatic RNA in the cortisone-treated group was well above that in the controls, even though the elevation was somewhat smaller than that observed after 4 hr (see Table 1 ). Endotoxin and cortisone, when given simultaneously, resulted in the incorporation of the isotope in an amount 125% above that in controls (Table 2 ) and similar to that observed after 4 hr (see Table 1 ). Injecting the cortisone 4 hr after the endotoxin gave a result similar to that found when the two were administered at the same time. Thus, the 132% increase above that in untreated animals is not greatly different from that found when the hormone and endotoxin were given together ( Table 2 ). The failure of cortisone to induce tryptophan oxygenase when it is given 4 hr after endotoxin (4) cannot be related to a generalized impairment in the synthesis of liver RNA. Data for mice 8 hr after they had received endotoxin alone were not obtained, since no mice survived the poison for that interval of time.
Incorporation of "4C-orotic acid into hepatic RNA. The specific activity of hepatic RNA in in- (22) . Time periods of 1, 2, 4, and 8 hr were included in the study, and in all cases the isotope was given 45 min prior to sacrifice. The effect of delayed administration of cortisone (4 hr after endotoxin) was also determined.
In Table 3 , the results obtained 1 hr after treatment are summarized. In each group of experimental animals, a numerical increase in RNA synthesis resulted, as judged by isotope content, but the value for the group given cortisone alone was not significantly greater than that for the controls. This indicates a large variation in the four individual values that yielded the mean specific activity of 609. Possibly a larger sample size would yield a value significantly larger than the controls.
In livers of mice 2 hr post-treatment, RNA synthesis was significantly elevated in all groups compared with the controls. This can be seen in the data given in Table 4 . The sample sizes were larger in this series of determinations; yet only in the livers of mice given endotoxin did the RNA have a specific activity that was obviously larger than that seen after 1 hr of treatment (see Table 3 ).
Four hours after mice were injected with cortisone and endotoxin, singly and combined, the incorporation of orotic acid into liver RNA was significantly depressed in those animals which received cortisone but was unaffected after endotoxin alone or after the two agents combined ( Table 5 ). The decrease that was seen in mice given cortisone may reflect a period of reduced synthesis that often follows an induced hyperfunction. This type of "undershoot" has been recognized by biologists for many years and has been described for a variety of physiological processes. Table 6 presents the results obtained with livers of mice treated 8 hr before sacrifice. In one group, cortisone was given 4 hr after endotoxin. In every case, no significant change from the control value was observed despite the fact that a sizeable "undershoot" was evident in the mice a Control mice were injected with saline and some experimental animals were injected with 5 mg of cortisone acetate, all subcutaneously. Other experimental animals were given 5 Ag of endotoxin intraperitoneally. The isotope was given 75 min after the initial injection(s) and 45 min before sacrifice.
b P values were estimated by the rank order test (24 Tables 5  and 6 and those in Tables 1 and 2 merits comment. In the latter, the apparent synthesis was elevated at 4 and 8 hr post-treatment, whereas with orotic acid either no increase was seen at these times or else a decrease was measured. Mice from different dealers were used in the two sets of experiments. This change was made in the course of the investigation because adrenalectomized mice could be purchased from Carworth Farms but not from Dierolf Farms. Animals from Dierolf Farms, adrenalectomized at Bryn Mawr College, were used in the 32P experiments. Strain differences might have contributed to the disparity of the results with 82p and orotic acid, but it is possible that the amount of istope and its location with the RNA may have also contributed to the findings. The "4C-orotic acid would have been incorporated into only the pyrimidine moiety of the nucleotides, whereas the phosphate would have been present in all nucleotides. It is also possible that differences in purity of the RNA used for isotope detection contributed to these results. The need for caution in work of this type is made evident by the apparent contradictions contained in the data of Tables 1 and 2 versus those of  Tables 5 and 6 .
Effect of insulin on "4C-orotic acid incorporation into liver RNA. Since the pancreatic hormone insulin has been reported to increase amino acid uptake by muscle protein in rats (25) and has been found capable of inducing hepatic tryptophan oxygenase and tyrosine transaminase in rat liver (15) , the contribution this hormone might make to orotic acid incorporation into liver RNA was determined. It was found that 2 hr after the injection of 0.5 unit of insulin and 45 min after administration of 14C-orotic acid no significant change in the specific activity of liver RNA occurred. The mean value of five determinations was 359, compared with 462 in 18 control mice. When endotoxin (5 ,ug) and insulin (0.5 unit) (24) . NS = not significant.
were given at the same time, the mean specific activity of the liver RNA was 402. This is not significantly lower than the controls, but the increase produced by endotoxin alone (means specific activity of 861 for 11 values) was prevented. Incorporation of '4C-leucine into hepatic protein. To determine whether correlative changes were taking place in protein synthesis in livers of mice in which endotoxin was producing augmented rates of isotope incorporation into RNA, the following studies were made. Under the same conditions used in measuring isotope uptake into RNA, the incorporation of '4C-leucine into acidinsoluble polypeptides was measured (Table 7) . Cortisone significantly lowered protein synthesis, as judged by this criterion, whereas endotoxin significantly elevated it. An injection of both cortisone and endotoxin resulted in an "algebraic summation" of the two opposing effects and yielded an uptake of isotope into the liver protein that was not significantly different from that of the controls ( (20) , stabilizes such membranes of alveolar macrophages in mice. How these alterations in permeability affect RNA and protein synthesis remains unclear.
The suppression of tryptophan oxygenase by endotoxin in the presence of a net increase in the rate of hepatic RNA and protein synthesis may, as suggested above, result from some kind of feedback inhibition. Cho-Chung and Pitot (7), in an examination of the effects of breakdown products along the tryptophan pathway, found that reduced nicotinamide adenine dinucleotide phosphate and, to a lesser extent, reduced nicotinamide adenine dinucleotide inhibit tryptophan oxygenase. These compounds are essentially terminal products of the series of reactions initiated by tryptophan oxygenase. If endotoxin affects this or other metabolic processes, either directly or via some feedback inhibition, the result would be a reduction in tryptophan oxygenase activity.
Endotoxin is known to induce tyrosine-a-ketoglutarate transaminase (4), lysosomal phosphatase (23) , nonspecific antibody titers (18) , and proliferation of the reticuloendothelial system (21) . As a consequence of these biological consequences, some or many by-products would be theoretically capable of acting in the capacity of a feedback inhibitor of tryptophan oxygenase. It seems, at present, that some such cause is a more likely explanation for prior observations (3) (4) (5) than an attack at the RNA level of action. 
ACKNOWLEDGMENTS

